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Influence of wheelchair user interface and
personal characteristics on static and dynamic
pretibial skin pressures in elite wheelchair
racers, a pilot study
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Context/objective: To examine personal (athletic classification, age, sex, body mass index, duration of disability,
tactile sensation of lower extremities) and wheelchair (kneeling plate angle) factors associated with increased
pretibial skin pressures in elite wheelchair racers.
Design: Cross-sectional study.
Setting: University-based laboratory in Champaign, USA.
Participants: A convenience sample of elite wheelchair races with traumatic spinal cord injury and spinal
disease were recruited for participation.
Interventions: Interface pressure mapping was used to examine athletes’ average and peak pretibial skin
pressures in their own racing wheelchairs during static and dynamic (propulsive) conditions on a dynamometer.
Outcome measures: The study examined associations between personal and wheelchair factors and pressure,
differences in pressure between static and dynamic conditions, and the influence of athletic classification (T53
vs. T54) on kneeling plate angle preference and skin pressure magnitudes.
Results: Increased kneeling plate angle was moderately associated with dynamic pressures. T53 athletes
utilized more vertical kneeling angles and experienced larger average and peak pressures during
propulsion. Duration of disability was negatively associated with all measures of pressure. Overall, mean
dynamic peak pressure was significantly greater than mean static peak pressure.
Conclusion: This pilot study represents a first step in understanding the influence of user interface on potentially
injurious skin pressures in wheelchair racers. Vertical kneeling plate configurations were associated with
increased pressures while increased years with disability was associated with lower pretibial pressures. In
addition, T53 athletes with less trunk function may be at a greater risk for experiencing larger interface
pressures than T54 athletes.
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Introduction
Although adapted sport offers countless physiological
and psychosocial benefits to participants, these activities
do not occur without risk. For example many adapted
sports, like wheelchair racing, may contribute to or
exacerbate disability specific conditions like autonomic
dysreflexia, thermal regulatory dysfunction, upper extre-
mity integrity, and pressure ulcers (PU).

PU are a significant concern to wheelchair users in
the general population and may represent a rising
concern among adapted athletes.1–3 PU can be
defined as a soft tissue injury stemming from unre-
lieved pressure over a bony prominence that becomes
ischemic and/or necrotic.4 Common extrinsic factors
for PU development include pressure, shear, friction,
immobility, moisture and wheelchair configuration,
while intrinsic factors may include local infection,
decreased autonomic control, age, anemia, malnu-
trition, sensory loss, spasticity, body mass index
(BMI), sex and more.5–9
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Unfortunately, PUs can be disruptive to both an indi-
vidual’s athletics career and everyday functioning and
health. For example, pain and infection associated
with PU can easily sideline athletes from sports partici-
pation for years.10,11 Although PU can be prevented
through repositioning, proper hygiene, and other behav-
ioral strategies,12 unsuccessful management can disrupt
physical, psychological and social wellbeing and may
even lead to death.13,14

Similar to the occurrence of PU in general popu-
lations of wheelchair users, athletes may be susceptible
due to the interaction of numerous simultaneously
occurring risk factors. More specifically, inherent dis-
ability characteristics15,16 combined with sport-specific
wheelchair user interface factors and training routines
may leave adapted athletes uniquely vulnerable to skin
injuries. For example, athletes with SCI, who possess
reduced sensation, paralysis, muscle atrophy, and com-
promised blood circulation often utilize rigid, tightfit-
ting equipment designed for speed, not comfort. These
factors, coupled with hours of intense training time
and reduced opportunity for pressure reliefs, creates an
ideal environment for skin breakdown. In fact, the
time spent in a racing wheelchair (RWC) may exceed
conditions the National Health Services cites as suffi-
cient for the development of stage III or IV PU.13

Accordingly, reports of PU in wheelchair racers,
although limited, may reflect these aforementioned con-
cerns. For example, in a study surveying 291 adapted
athletes, approximately 7% reported PU resulting from
sport participation. More recently, 14% of wheelchair
racers at the Junior National Wheelchair Games
reported PU development,17 while Derman et al.18

reported skin injuries accounting for approximately
20% of ailments at the 2012 Paralympic Games.
Ultimately, these trends may suggest the prevalence of
PU in adaptive sports is on the rise.
Importantly, because much the aforementioned litera-

ture is dated, the location and magnitude of PU may not
be entirely reflective of modern, adapted sports seating
systems.19 For example, modern wheelchair racers
have evolved from upright seating systems with foot
plates to kneeling configurations, which rely on alumi-
num or carbon fiber kneeling plates positioned under
the shin region of athletes. Importantly, the shin or pre-
tibial region assumes the athlete’s base of support rather
than the buttocks region. Accordingly, the modern
RWC’s tendency to shift a majority of the racer’s body
weight over the pretibial region may represent a health
concern. Moreover, skin injury to the pretibial area
may be particularly difficult to heal because the skin
in this region is thin, blood supply is low, and the risk

of infection is high.20 Currently, there is an absence of
literature or guidelines pertaining to body positioning
safety in adapted sports like wheelchair racing.
The purpose of this study was to examine personal and

wheelchair factors associate with pretibial skin pressures
in wheelchair racers during static (stationary) and
dynamic (propulsive) conditions. Personal factors
included athlete classification (T53 and T54), age, sex,
BMI, duration with disability, and tactile sensation of
lower extremities; while kneeling plate angle was the
sole wheelchair factor. A convenience sample of elite
T54 and T53 athletes were recruited for analysis. We
hypothesized a more vertical kneeling angle would be
associated with increased pretibial pressures
(Hypothesis 1). Similarly, we anticipated athletes with
greater trunk impairment (T53) would experience
higher pressures than T54’s since they typically utilize
more vertical kneeling positions21 (Hypothesis 2). We
also predicted age, reduced sensation, duration with dis-
ability, and BMI, would be positively associated with
increased pretibial pressures for all individuals
(Hypothesis 3). Finally, based on analogous findings in
the context of everyday wheelchair users,22 we hypoth-
esized dynamic pressure magnitudes would exceed those
obtained statically for all individuals (Hypothesis 4).

Methodology
Study design
This research study is a cross-sectional design.
Wheelchair racers at the University of Illinois at
Urbana-Champaign (UIUC) were recruited between
January 2017 and December 2017 for participation.
Study participants were recruited via posting of flyers
and face-to-face interaction with research staff. All
study procedures were approved by the Institutional
Review Board (IRB) at UIUC and written informed
consent was obtained from athletes prior to partici-
pation. The study required approximately 45 minutes
of participants’ time.

Participants
Interested athletes were invited to participate in the study
if they met the following inclusion criteria: (1) 18–65
years of age, (2) utilize a modern RWC seating configur-
ation19 and were (3) elite level athletes. Athletes were con-
sidered “elite” if they had competed in a Paralympic
Games, or competed in >5 races in the past year.
Individuals were excluded from participation if they
had an active pressure ulcer (>stage 1)23 or any other
health condition preventing sport participation. All par-
ticipants were treated in accordance with UIUC and
IRB standards of human subjects’ research.
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Equipment
Pressure sensor
Pressure was measured in individuals’ personal RWCs
using an interface pressure mat (CONFORMat 5330,
Tekscan, Boston, MA, USA). Individual sensors
(1.47 cm × 1.47 cm) are dispersed evenly throughout
the mat, which has an effective measure area of
47.1 cm × 47.1 cm. System calibration was performed
according to the manufacturer’s guidelines.24 The
pressure mat was placed between the pretibial region
of the lower leg and the kneeling plate (Fig. 1).

Dynamometer
One free-spinning wheelchair racing dynamometer
(Standard Roller, Revolution Sports, Quebec, Canada)
was used for static and dynamic testing.

Racing wheelchairs
See Table 1 for RWC characteristics. Athletes were
examined using their personal RWCs which have rigid
kneeling plates.25

Data reduction
Pressure
Primary pressure metrics obtained were peak pressure
(PP) and average pressure (AP) occurring between the
pretibial region of the lower leg and kneeling plate at
10 Hz. Peak pressure describes the maximum pressure
value occurring on the pretibial region over a 20-second
trial. Once PP was located, the adjacent cells containing
similarly, high pressure scores were averaged over the
20-second trial with PP to obtain average pressure.26,27

Personal factors
Demographic measures included sex, age, BMI, type of
disability, American Spinal Injury Association
Impairment Scale (AIS),28 duration of disability, level
of lower extremity tactile sensation, athletic classifi-
cation, wheelchair athletic experience, and sport wheel-
chair manufacturer. AIS scale was self-reported and
only determined for individuals living with spinal cord
injury or spina bifida. Level of sensation was self-
reported and included as an ordinal variable and
characterized at three levels (1–3): (1) no sensation, (2)
partial sensation and 3 (full sensation). Partial sensation
was defined as an individual having reduced sense of
touch in their lower extremities where the ability to
perceive sensory stimuli was intact, without the
ability to feel superficial pain and/or changes in temp-
erature.28–30 Athlete classification was determined by
the International Paralympic Committee classification
system for wheelchair track,31 which specifies eligibility
based on disability specific activity limitations per sport.

The primary difference between the T53 and T54 classi-
fication is trunk innervation, where T53 athletes possess
full function of the arms, but no abdominal or lower
spinal muscle activity and T54 athletes have full upper
muscle power in the arms and partial to full muscle
power of the trunk.31

Wheelchair factors
Kneeling plate angle was the sole wheelchair factor
obtained. It was measured with an inclinometer and
defined as the angle of inclination above ground level
(0 degrees). To perform this measurement, the inclin-
ometer was placed on the ground and set to absolute
zero, and then placed on the kneeling plate to determine
the kneeling plate angle. See Fig. 2.

Procedures
Participants received a demographic survey followed by
static and dynamic pressure assessments performed in
their personal RWCs secured to a dynamometer (Fig. 1).

Pressure evaluation
Pressure assessments were administered during static
and dynamic conditions. During static conditions, indi-
viduals maintained a “ready” stance for 20 seconds
which reflects a racer’s starting position, prior to the
initiation of propulsion, or coasting position32 (Fig. 1).
The individual was asked to lean forward in their
RWC, with their hands close to the hand rims. The
dynamic condition was employed to examine the
effects of propulsion-specific body movements on preti-
bial pressures. Individuals were asked to propel at
approximately 14 mph for 20 seconds. Speed intensities
typically range from 12 to 17 mph in elite wheelchair
racers during training sessions, therefore a moderate
intensity of 14 mph was selected by the researchers.33

Speed was measured from the angular rotation of a
free-spinning dynamometer and converted to linear
speed which was displayed on an iPad (Apple Inc.,
Cupertino, CA, USA) in real time for each participant.

Statistical analysis
Quantitative analysis was performed using SPSS version
24.0 (SPSS Inc., Chicago, IL, USA). Descriptive stat-
istics were calculated for all variables to characterize
the sample. Normality for all continuous variables was
examined with the Shapiro–Wilks test. Pearson’s chi-
square test was used to examine differences in categori-
cal (sex and disability type) and ordinal (level of sen-
sation) demographic characteristics. The influence of
athletic classification (T53 vs. T54) on kneeling plate
angle, static AP, static PP, dynamic AP and dynamic
PP was compared with one-way ANOVA. Paired t-test
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was used to examine the overall group (T53 and T54)
mean pressure difference between static and dynamic
conditions. To examine the association between pressure
and kneeling plate angle, age, sex, BMI and duration of
disability, Pearson correlation analysis was used. To
examine the relationship between pressure and sensation
level, Spearman rank-order analysis was used because
sensation level was a non-parametric ordinal variable.34

A correlation coefficient of ≤.30 was considered weak,
between .30 and .60 was considered moderate, and
≥.60 was considered strong.35 Correlations were

reported for Pearson as rp and Spearman as rs.
Statistical significance level was set a priori at P < 0.05.

Results
Demographics
See Table 1 for overall demographic characteristics.
Nine (56%) males and seven (44%) females participated
in this study. Their mean age was 25.50 ± 5.03 years and
mean BMI was 20.82 ± 2.33. Participants’ diagnoses
included spinal cord injury (n = 11, 69%), spina bifida
(n = 2, 13%), transverse myelitis (n = 2, 13%) and

Figure 1 Pressure data collection.

Table 1 Participant’s demographic characteristics.

Sex Age (y) BMI (kg/m2) Disability AIS Years of Inj. (y) RWC Class Athlete Exp. (y) RWC Year/Make

M 21 17.79 SCI – T8 A 9 T-53 4 ’15 TE
F 20 20.56 SCI – T10 A 16 T-53 7 ’08 TE
F 31 17.97 TM 26 T-53 20 ’16 TE
M 23 21.53 SCI – T12 D 23 T-54 18 ’16 TE
M 28 18.37 SCI – T10 B 28 T-53 28 ’17 CB
M 22 24.03 SCI – T12 C 22 T-54 6 ’12 TE
M 19 20.53 SB C 19 CG) T-54 14 ’15 EG
F 33 16.8 SCI – T11 C 28 T-54 15 ’11 OE
F 23 18.88 SCI L1/L3 A 17 T-53 11 ’16 TE
M 22 20.83 SB D 22(CG) T-54 4 ’16 EG
M 33 21.48 SCI –6/T7 B 29 T-53 23 ’14 TE
M 26 23.71 SCI – T10 A 4 T-53 2 ’15 TE
M 34 23.67 SCI T7/T8 B 16 T-53 4 ’14 TE
F 28 23.79 DM NA 28(CG) T-54 10 ’16 TE
F 21 21.03 TM NA 20 T-53 10 ’14 TE
F 24 22.13 SCI – T11 B 14 T-54 8 ‘16 TE

BMI, body mass index; AIS, American Spinal Injury Association Impairment Scale;28 RWC Class = paralympic athletic classification;
Years of Inj. = duration of disability; Athlete Exp., athletic experience; RWC, racing wheelchair; SCI, spinal cord injury; TM, transverse
myelitis; SB, spinal bifida; DM, diastematomyelia; CG, congenital; TE, top end; CB, carbonbike; EG, eagle; OE = OX engineering.
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diastematomyelia (n = 1, 6%). Nine (56%) were T-53
and seven (44%) were T-54. The mean years for duration
of disability were 20.06 years ± 7.22. The mean kneeling
plate angle was 17.63 ± 13.07. Mean demographic
differences based on an athlete’s classification can be
found in Table 2. There were no significant demographic
differences between groups with the exception of sen-
sation level, where T54 athletes possessed greater
tactile sensation than T53 athletes, X2 (2, N = 16) =
9.27, P < 0.05.

Static vs. dynamic pressure conditions
Paired t-tests revealed dynamic PP was significantly
larger than static PP (992.94 ± 311.18 vs. 907.69 ±

277.00); t(15) = −2.47, P = 0.03. However, statistically
significant differences were not found between dynamic
AP and static AP (819.85 ± 294.04 vs. 854.48 ±
273.70); t(15) = 1.90, P = 0.08. Finally, Pearson corre-
lations (Table 3) revealed strong associations between
static AP and dynamic AP (rp = .97, P = 0.00), and
static PP and dynamic PP (rp = .90, P = 0.00).

Wheelchair and personal factors related to
pressure
See Table 3. Duration with disability was significantly
correlated with dynamic AP and PP (rp = −.52, P =
.04); (rp = −.60, P = .01), respectively. However, age,
sex, and BMI were not significantly correlated with
dynamic pressure. Kneeling plate angle approached a
significant correlation with dynamic AP (rp = .45, P =
.08), and was significantly correlated with dynamic PP
(rp = .52, P = .04). No significant correlations were
observed between sensation and dynamic pressure.
Duration with disability was significantly correlated
with static AP and PP (rp = −.55, P = .03);
(rp = −.57, P = .02), however age, sex and BMI were
not significantly correlated with static pressure.
Kneeling plate angle was not significantly correlated
with static AP (rp = .35, P = .18) or static PP
(rp = .37, P = .16). No significant correlations were
observed between sensation and static pressure.

Pressure based on athletic classification
See Table 4. A significant difference in kneeling plate
angle was found based on athlete classification [F
(1,14) = 7.03, P = 0.02] where mean angle for T54
classification was significantly less than athletes in the
T53 classification (9.57° ± 12.49 vs. 23.89° ± 9.16).
There was a significant effect of athletic class on
dynamic AP [F(1,14) = 4.79, P = 0.05] where T54 ath-
letes demonstrated reduced magnitude of AP than T53

Figure 2 Kneeling plate angle.

Table 2 Demographic characteristics based on athletic
classification.

Demographic characteristics

RWC classification

T-53 (n = 9) T-54 (n = 7)

Age (y) 26.33 ± 5.43 24.43 ± 4.65
BMI (kg/m2) 20.38 ± 2.30 21.38 ± 2.43
Height (m) 1.63 ± .12 1.57 ± .15
Weight (kg) 54.48 ± 12.77 53.01 ± 10.74
Years of Inj. (y) 18.33 ± 8.47 22.29 ± 4.92
Athlete Exp. (y) 10.33 ± 7.22 10.57 ± 5.03
Sex (M/F) (5/4) (4/3)
Sensation(N/P/F)* (4/4/1) (1/0/6)
Disability type (SCI/SB/TM/DM) (7/0/2/0) (4/2/0/1)

BMI, body mass index; Years of Inj. = duration of disability;
Athlete Exp., athletic experience.
Sensation (N, None; P, Partial; F, Full)
SCI, spinal cord injury; SB, spina bifida; TM, transverse myelitis;
DM, diastematomyelia.
Continuous variables reported as mean ± SD, examined with
ANOVA.
Categorical variables (sex and disability) reported as frequency,
examined with Chi-square.
Sensation scale reported as (0–2) where 0 = none, 1 = partial,
2 = full, examined with Chi-square.
*P < 0.05.
a < 1.0.
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athletes (656.89 ± 295.62 vs. 946.59 ± 235.07).
Similarly, a significant difference was observed for
dynamic PP as a function of group classification where
magnitude of dynamic PP was less for T54 athletes
than T53 athletes (824.00 ± 337.24 vs. 1124.33 ±
227.76); F(1,14) = 4.53, P = 0.05. Finally, significant
differences were not observed for static AP and PP as
a function of group classification F(1,14) = 4.12, P =
0.06; [F(1,14) = 3.41, P = 0.09].

Discussion
The purpose of this pilot study was to examine personal
and wheelchair factors, related to increased pretibial
skin pressures in elite wheelchair racers. Given the
paucity of literature regarding factors influential to
skin pressures in adapted athletes, the current pilot
study was exploratory in nature. The influence of wheel-
chair characteristics (H1), classification (H2), and other

personal factors (H3) on pressures were more pro-
nounced during dynamic conditions, however, the
same metrics obtained statically followed similar
trends. Consistent with H1, increased kneeling plate
angle was associated with increased dynamic AP and
PP. Consistent with H2, T53 athletes were found to
use a more vertical kneeling position than T54 athletes.
Unexpectedly and counter to H3, duration of disability
was negatively correlated with all measures of pressure
both statically and dynamically, while other personal
factors like age, lower limb sensation, and BMI were
not significantly associated with pressures. Finally, con-
sistent with H4 pressures recorded dynamically
exceeded those obtained statically.
Although our study outcomes differed by condition

(static vs. dynamic), the magnitude of these differences
were less striking than those reported in the literature on
every day wheelchair propulsions.36,37 For example, mag-
nitude of mean PP was greater dynamically
(992.94 mmHg vs. 907.69 mmHg) however, mean press-
ures obtained statically for both PP and AP were strongly
correlated to the analogousmetrics obtained dynamically.
That is, according to our findings, athletes experiencing
high pressures statically (e.g. in starting position or coast-
ing) could expect to experience similar to higher pressures
dynamically. Likewise, the strengthof relationshipdemon-
strating higher pressure with more vertical kneeling plate
angles was stronger dynamically with pressures of greater
magnitude, than the analogousmetrics observed statically.
Moreover, manyof the findingswhich approached statisti-
cal significance (P< 0.1) statically may have reached stat-
istical significance with a larger sample size.

Table 3 Correlational analysis for static and dynamic conditions.

Outcome measures

Static pressure variables Dynamic pressure variables

AP (mmHg) PP (mmHg) AP (mmHg) PP (mmHg)

Age (y) rp = −.16 P = .55 rp = −.14 P = .59 rp = −.16 P = .56 rp = −.34M P = .20
Sex (M/F) rp = −.37 P = .16 rp = −.42 P = .11 rp = −.25 P = .36 rp = −.25 P = .35
BMI (kg/m2) rp = .24 P = .37 rp = .24 P = .37 rp = .14 P = .62 rp = .17 P = .53
Years of Inj. (y) rp = −.55*,M P = .03 rp = −.57*,M P = .02 rp = −.52*,M P = .04 rp = −.60*,S P = .01
Athlete Exp. (y) rp = −.38M P = .14 rp = −.44a,M P = .09 rp = −.37M P = .15 rp = −.38M P = .14
Kneel Angle (o) rp = .35M P = .18 rp = .37M P = .16 rp = .45a,M P = .08 rp = .52*,M P = .04
Dynamic AP rp = .97 P = .00 rp = .95 P = .00 rp = .97*,S P = .00 rp = .92*,S P = .00
Dynamic PP rp = .92*,S P = .00 rp = .90*,S P = .00 rp = .95*,S P = .00 rp = .90*,S P = .00
Sensation rs = −.25 P = .35 rs = −.22 P = .42 rs = −.36M P = .17 rs = −.41M P = .11

BMI, body mass index; Years of Inj = duration of disability; Athlete Exp., athletic experience; AP, average pressure; PP, peak pressure.
rp= Pearson correlation.
rs = Spearman correlation.
Sensation scale reported as (0–2) where 0 = none, 1 = partial, 2 = full.
*P < .05
aP < 1.0
MModerate correlation.
SStrong correlation.

Table 4 Athlete classifications’ effect on pressures.

Outcome measures

RWC Class

T-53 (n = 9) T-54 (n = 7)

Kneeling angle(°)* 23.89 9.57
Static AP (mmHg)a 965.94 ± 210.16 711.18 ± 292.90
Static PP (mmHg)a 1012.33 ± 224.41 773.14 ± 295.17
Dynamic AP (mmHg)* 946.59 ± 235.07 656.89 ± 295.62
Dynamic PP (mmHg)* 1124.33 ± 227.76 824.00 ± 337.24

RWC Class = paralympic athletic classification; AP, average
pressure; PP, peak pressure.
Continuous variables reported as mean ± SD, examined with
ANOVA.
*P < 0.05.
aP < 1.0.
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The unique user interface and propulsion biomecha-
nics inherent towheelchair racing mayoffer clues regard-
ing our results. For example, it is possible that upper limb
and trunk motions during propulsion may have contrib-
uted to increased pretibial pressures during phases of the
stroke where trunk interplay with thighs and/or hand-
rim reaction forces, made a difference.38 Also, increased
kneeling angle (more vertical kneeling plate position),
may allow individuals to more easily flex and extend
the trunk off of the lap during a propulsion cycle which
promotes both breathing and force transfer to the hand-
rims with the hands.21,39 Conversely, when an athlete’s
lap is low (kneeling plate angle towards horizontal), the
effects of gravity becomemore pronouncedwhen athletes
initiate trunk extension, particularly in the absence of full
trunk innervation, which is more consistent with T53
athletes.
Since T53 athletes in the current study were found to

use an elevated kneeling angle, they should be cautious
of skin breakdown in the shin region as these athletes
also demonstrated reduced sensation compared to T54
athletes. Implementing strategies to lower the kneeling
plate angle, while stabilizing the trunk to prevent
fatigue and performance degradation could be an
option for athletes with less trunk function. For
example, innovative racers have customized their
frames to prop up the trunk with a chest block which
permits the use of a kneeling plate angle towards hori-
zontal. This technique also creates a pocket of space
between the abdomen and lap, which may improve

breathing as the abdomen is not compressed or
restricted during propulsion (See Fig. 3).
Personal factors beyond athlete classification were

also impactful to pretibial skin pressures in the current
study. Counterintuitively, duration of disability was
found to be negatively associated with both static and
dynamic pressures. According to Chen et al., as age
and years increase following a spinal cord injury, so
does one’s risk for developing PU.40 Although it
would be premature to suggest experience counteracts
the effects of age, our findings indicate that factors influ-
enced by experience (knowledge, skill, training, etc.)
may have contributed to the selection of more protective
seating positions for pressure. Other personal factors
like sex, BMI, age, and sensation were not correlated
with pressures. Interestingly, the absence of a direct
association between sensation and pressure in the
current study competes against findings by Fuhrer
et al.16 and Lewis et al.2 who reported adapted athletes
often place a low priority on comfort because of the
inability to detect pain, thus increasing PU risk.2

However, we did observe athletes with less functional
ability (T53) utilize elevated kneeling angles and experi-
enced higher pressures. Clearly more work is needed,
with longer follow-up to more precisely characterize
the individual and combine contributions of these per-
sonal and wheelchair characteristics for pressure and
PU risk. It is plausible that our elite athletes possessed
other protective characteristics or habits that other
general population recreational adapted athletes do
not. For example, participants in the current study
were highly trained athletes with BMIs lower than
reported in related studies (20.9 ± 2.8 kg/m2 compared
to 24.3–26.9 kg/m2).41–44 However, the implications of
low BMI are less clear since high BMI has been found
to be both protective45 and predictive46 for PU risk.
As the current pilot study represents a first step in the

examination of skin pressure in adapted athletes, a
number of limitations must be acknowledged. For
example, as a cross-sectional design, we cannot claim
causal effects on pressures. Future studies should follow
athletes longitudinally to verify the effects of personal
and wheelchair factors on pressure and skin health.
Next, the population utilized in this study were elite ath-
letes whichmay not be reflective of novice or recreational
athletes. Also, athlete’s center of mass directed through
the trunk was not accounted for which may have influ-
enced location of pressure application to the pretibial
region slightly. Development of segmental free body dia-
grams can be implemented to clarify. Also, the extent to
which body repositioning occurred during dynamic con-
ditions was not recorded. During dynamic capture of

Chest block 

Kneeling posi�on 

Figure 3 Innovative chest block design.
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pressure, body repositioning may occur where interface
pressure distribution changes as boney structures like
the ischial tuberosity shift and/or translate with propul-
sivemotions.22,47 In essence, changes in the peak pressure
locations may change during everyday propulsion where
greater room for translation in vivo may create larger
pressure gradients and shearing effects at the tissue-
support interface, thus increasing PU risk.22 However,
the modern racing frame may protect from translation
because one’s body is firmly wedged into a kneeling pos-
ition,where the pretibial region is blockedboth anteriorly
by the kneeling plate and posteriorly by the rear frame
and upholstery. For this reason, we did not anticipate
the likelihood that translation of the bony prominence
of the tibia would present the same risk as conditions
under which the ischial tuberosity can translate during
everyday propulsion. However, the lackof space and bio-
logical padding between the skin and bone at the pretibial
region may put racers at a greater risk for developing
tissue ischemia from compressive loading of the
tissue.48 Of note, junior and novice racers often utilize
less customized, more spacious frames, which may
allow pelvic repositioning similar to those observed in
everyday wheelchair users, and should be accounted for
in future investigation.49

Pressure recorded during dynamic conditions in the
current study was also limited to steady state speeds
during dynamometer propulsion. Other common
racing scenarios like turning, accelerations, or even
rough over ground surfaces may alter or amplify press-
ures.37,50 Also, the testing speed of 14 mph is not reflec-
tive of the entire range of speeds that racers experience.
Most importantly, the assessment of pressure in iso-
lation is not sufficient to definitively predict PU risk.26

Factors such as tissue hydration, metabolism, and nutri-
tion were not examined and can influence risk. In
addition, comparing our results to related studies may
be complicated by methodological variations. For
example, studies often define and quantify pressures dif-
ferently, where pressure sensing mats may differ by
number of sensor cells, calibration, and maximum
pressure sensing capabilities.2,3,27,22,51,26,52
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